The water solubility of rice bran protein (RBP) was improved by deamidation under alkaline conditions. The degree of deamidation was found to be a major factor in improving the solubility of RBP. The decrease in molecular mass or the degradation of peptide bonds was not detected in deamidated RBP under the conditions used. The thermal property and secondary structure of deamidated RBP measured by differential scanning calorimetry and Fourier transform infrared spectroscopy indicated that the secondary structure of RBP was well preserved during alkaline deamidation. By raising pH and temperature for deamidation, the generation rates of constituent amino acid racemization and lysinoalanine increased. The highest solubility (~90%) of RBP was achieved by treatment at pH 12 and 120℃ for 15 _ 30 min by enduring side reactions. Moderate solubility (~40%) could be achieved by deamidation at pH 8 and 100℃ for 30 min to minimize side reactions.
Introduction
followed by isoelectric precipitation. The extracted RBP consists of several major proteins having different solubility in water. In the case of a Japanese rice variety (Hitomebore), RBP is composed of albumin, globulin, glutelin, and prolamin, at the ratios of 24 _ 39%, 27 _ 30%, 33 _ 42%, and 1 _ 3%, respectively (Adebiyi et al., 2009a) .
To enhance the solubility of food proteins such as soybean proteins and wheat gluten, various modification approaches, such as physical, chemical, enzymatic and genetic modifications, have been applied (Li et al., 2005; Mirmoghtadaie et al., 2016) . Most of these approaches are related to methods that introduce hydrophilic groups to the side chains of amino acid residues. Chemical modifications such as succinylation and acetylation improved the solubility and functional properties of protein (Kinsella et al., 1976) . Deamidation is one of the most commonly used methods to improve the functional properties of food proteins. The conversion of Gln and Asn residues to their deamidated forms increases the solubility of proteins (Mirmoghtadaie et al., 2009 ). In addition, other physicochemical properties, such as foaming and emulsifying activity of proteins, can be improved by deamidation (Liao et al., 2010) .
There are several methods for deamidation of food proteins, e.g., acidic, alkaline, and enzymatic deamidation (Wagner and Gueguen, 1995; Hamada, 1992) . During the course of RBP fractionation (Adebiyi et al., 2009a) , we found that alkaline deamidation, but not acidic deamidation, could effectively increase the solubility of RBP. However, it is known that severe alkaline treatments of proteins cause racemization of amino acids (Schwass and Finley, 1984; Friedman and Liardon, 1985) and yield (Chu et al., 1976) . Lysinoalanine (LAL) has a nephrotoxic effect and is formed by the coupling reaction of the ε-amino group of Lys with dehydroalanine resulting from the β-elimination of half-cystine, serine or its derivatives. However, there have been no reports describing such side reactions caused by alkaline deamidation of RBP.
In this study, RBP was deamidated under various alkaline conditions of temperature, pH, and reaction time. The change in water-solubility was examined as a function of the degree of deamidation. The thermal properties and conformational changes of deamidated RBP were investigated by using differential scanning calorimetry (DSC) and Fourier transform infrared (FT-IR) spectroscopy. In addition, the effects of alkaline deamidation on the constituted amino acids of RBP were evaluated by analyzing the racemized amino acids and LAL.
Materials and Methods
Isolated RBP (commercial name: RiPro80), which had been extracted from Japonica rice bran with a weak alkaline solution (pH 9), isoelectric precipitated, and dried by spray drying, was obtained from CJ Cheijedang Foods R&D (Seoul, South Korea). The protein content was estimated to be ~80% on the basis of total nitrogen content. All processes were carried out at < 60℃ except for pasteurization at 135℃ for 3 sec before spray drying. 7-Fluoro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-F) and amino acid standard solution (H type) were purchased from Wako Chemicals (Osaka, Japan). All other reagents were of analytical grade from Wako Chemicals or Nacalai Tesque (Kyoto, Japan). After heat treatment, the RBP solutions were neutralized, dialyzed against water at 4℃ for 48 h, and then lyophilized.
Deamidation of proteins
Solubility of RBP Fifty milligrams of the protein samples were suspended in 1.0 mL of deionized water, mixed for 30 min at room temperature, and centrifuged at 15000 x g for 20 min. The supernatants were transferred to other tubes. After drying at 40℃, the weight of residual protein was measured. 
Measurement of deamidation degree

Differential scanning calorimetry (DSC)
The thermal characteristics of RBP samples were examined using a differential solvent as a mobile phase at a flow-rate of 0.7 mL/min. The HPLC column was calibrated using standard proteins of 12 _ 660 kDa.
Amino acid analysis RBP samples were hydrolyzed using 6 M HCl/3% (w/v) phenol at 110℃ for 22 h in evacuated glass tubes and subjected to amino acid analysis (Muramoto and Kamiya, 1990) . Amino acid compositions of RBP samples were determined by an amino acid analyzer (Shimadzu, Kyoto, Japan) using an ion exchange column (Shim-pack Amino-Na, 6 × 100 mm). Separated Statistical analysis Experiments were carried out in duplicate or triplicate and results are presented as the mean ± standard deviation of the mean (SD). The differences between the means were compared by Duncan's multiple-range test. Differences with p < 0.05 were considered to be significant.
Results and Discussion
In this study, a commercial RBP, prepared by alkaline extraction and isoelectric precipitation, was used as a starting material. The RBP sample was a mixture of albumin, globulin, glutelin and prolamin, and contained greater than 20% non-protein components. RBP was deamidated by changing the heating temperature, pH, and period. The degree of deamidation was increased by raising these parameters (Fig. 1) . The highest deamidation degree, ~80%, was obtained with the sample deamidated at pH 12 and 120℃ for 30 min. As the deamidation degree increased, the solubility increased as expected (Table 1) .
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isoelectric range. The solubility increased on either side of this pH region. The highest solubility (93%) was achieved by deamidation at pH 12 and 120℃ for 15 min. The deamidated RBP maintained high solubility even at pH 6 and showed slightly lower solubility at pH 3-5 (Fig. 2) .
ART FT-IR spectroscopy is a powerful tool to determine the secondary structure of insoluble proteins by analyzing the amide I band: α-helices (1653 cm _ 1 ), β-sheets (1620, 1635, and 1683 cm
), β-turn (1669 and 1675 cm _ 1 ), and random coils (1645 cm _ 1 ) (Glassford et al., 2013) . The bands at 1683 and 1920 cm _ 1 are associated with the aggregation process. The program IR-SSE was produced according to the method of Sarver et al. (1991) . Although this method was based on the IR data and X-ray data from globular proteins, it was still useful to compare the secondary structures of aggregated forms (Murakami et al., 2003) . Therefore, it was applied to assess the changes in the secondary structures of RBP following deamidation (Table 2) . RBP showed 15% α-helix, 34%
β-sheet, 25% β-turn, and 26% others before deamidation. The aggregated proteins are generally considered to contain a significant amount of β-sheet structures (Hu et al., 2006) . Alkaline deamidation did not change these values, suggesting that the secondary structure of RBP was very stable against the deamidation conditions.
In contrast to FT-IR spectroscopy, DSC thermograms of RBP showed different patterns upon deamidation. Although the DSC thermogram did not change following deamidation at pH 8 and 100℃ for 30 min, the thermograms changed considerably by raising pH and temperature (Fig. 3) . The denaturation temperature of non-deamidated RBP was about 105℃, indicating that RBP had high thermostability (Table 1 ). The denaturation temperatures of isolated albumin, globulin, glutelin, and prolamin fractionated from RBP were measured to be 46, 79, 74, and 79℃, respectively (Adebiyi et al., 2009a) . The high thermostability of RBP might be due to its compact structure, which also causes poor solubility. The distinct structure of RBP may be attributed to the industrial processing conditions, particularly, spray drying (Jerez et al., 2007) . The denaturation temperature of RBP decreased upon deamidation, which is known to partially unfold the proteins.
However, deamidation conditions such as higher temperature and pH seem to affect the denaturation more strongly. Under moderate 
No treatment  15  34  25  26   8  80  17  32  26  25  100  17  37  24  22  120  15  32  28  25  10  80  17  39  22  22  100  21  32  23  24  120  19  34  23  24  12  80  16  38  23  23  100  16  39  22  23  120  14  36  26  24 Values represent the average of duplicate measurements. conditions, e.g. pH 8-10 and 80 _ 100℃, the denaturation temperature decreased with increasing heating period. In contrast, the denaturation temperature was raised again under harsh conditions, e.g., pH 12 and 120℃, which might bring about an apparently stable structure, such as an aggregate form. This is suggested to be the reason why the DSC thermograms of RBP deamidated at 100℃ or at pH 10 do not necessarily show changes related to pH and temperature (Fig. 3) . The deamidation at pH 10 was effective in decreasing the denaturation temperature, and the lowest denaturation temperature was observed with the deamidation at pH 10 and 120℃ for 15 min.
Size-exclusion HPLC was utilized to examine if RBP was destroyed during deamidation (Fig. 4) . AUC solvent was used as the elution solvent to dissociate and solubilize deamidated RBP.
RBP gave two major peaks corresponding to 33 kDa and 13.7 kDa.
The molecular mass distribution of RBP used in this study was shifted to lower regions compared with the samples prepared on a laboratory scale (Adebiyi et al., 2009 ). We do not know the exact reason for this shift at present. The molecular mass did not change following deamidation under the conditions employed, indicating that the peptide bonds of RBP were not broken during the deamidation process. Furthermore, the RBP samples of higher degree of deamidation gave larger peaks in the chromatograms, due to their higher solubilities in AUC. It is concluded that the improvement in solubility was mainly caused by deamidation and not by the hydrolysis of peptide bonds.
As shown in Table 3 , RBP was rich in Glu/Gln and Asp/Asn, which accounted for 16% and 9%, respectively. High contents of hydrophobic amino acids, such as Val, Leu, Ile, Pro, Phe, and Met may cause low protein solubility. The total percentage of hydrophobic amino acids in RBP was 30%; therefore, the low solubility of RBP samples cannot be attributed to its amino acid composition. The amino acid compositions of the deamidated RBP samples did not show significant decreases of Cys and Lys contents due to the formation of LAL in this study.
It is known that severe alkaline treatments of proteins result in the racemization of amino acids (Schwass and Finley, 1984; Friedman and Liardon, 1985) . For the analysis of D-amino acids generated during alkaline deamidation of RBP samples, the HCl hydrolysates of the samples were first labeled with NBD-F to form fluorescent derivatives and separated by RP-HPLC. Each separated NBD-amino acid was collected and subjected to chiral-HPLC to separate D/L isomers (Hamase et al. 2010) . In this study, Ser, Asp, Glu, Ala, Pro, and Trp derivatives were collected for chiral analysis. Racemization of amino acids increased by raising the pH and temperature for deamidation (Fig. 5) . Especially, D-Ser increased from 7% to 41% when deamidated at pH 8 to 12 at 120℃. D-Asp increased from 16% to 33%, D-Glu from 4% to 25%, and D-Ala from 3% to 12% by increasing the pH for deamidation. Racemization of amino acids is postulated to proceed by an abstraction of the protein from the asymmetric carbon atom to give a negatively charged, optically inactive planar carbanion (Friedman and Liardon, 1985) . This carbanion can then be reprotonated on either side, regenerating an equal mixture of both D and L isomers. Relative susceptibilities of racemization seems to be correlated with electron-donating inductive effects of amino acid side chains, as observed by the susceptibility of Ser, Asp and Glu to racemization in this study. Pro, which is the only cyclic amino acid containing a secondary amino group, and Trp resisted racemization. Little racemization of hydrophobic amino acids and Pro has been shown with alkali-treated wheat gluten (Schwass et al., 1984) . Since racemization may impair the nutritional value of food proteins due to the non-digestable and non-utilizable forms of D-amino acids, it is preferable to deamidate at pH 8 and 100℃ to improve the solubility of RBP samples used as a food ingredient.
The production of LAL is another disadvantage of heating proteins under alkaline conditions (Schwass et al., 1984; Hou et al., 2017) . LAL could be detected by the amino acid analysis system described above. The LAL peak came after the Phe peak and just before the His peak. As for the other amino acids, the amount of LAL was determined according to the peak area. LAL content of non-deamidated RBP was 0.4 μmol/g and increased with the deamidation process (Fig. 6) . LAL was determined to be 0.8 _ 5 μmol/g following heating at 100℃ or 120℃ at pH 8-10.
When heating at pH 12, the LAL content increased to 11 μmol/g at 100℃ and 19 μmol/g at 120℃. In this case, it was calculated that approximately 5% of Lys was consumed in the generation of LAL.
The decrease of Lys or other amino acids did not affect the amino acid composition of RBP samples, as shown in Table 3 . On the basis of these results, it is concluded that the solubility of RBP can be increased by deamidation at pH 8 and 100℃ for 30 min with minimal amino acid racemization and LAL production. Moreover, high contents of D-amino acids and LAL of highly deamidated RBL should be advantageous for non-food applications such as surfactants, adhesives, coating and plastics because of its resistance to enzymatic digestion (De Graaf, 2000) . Deamidated RBL of various degrees of water solubility may broaden both its food and non-food applicability as an under-utilized protein resource. These applications include matrices for bioplastics, controlled-release devices, or enzyme immobilization, as well as for films and coatings (Jerez et al., 2007) .
In this study, the solubility of RBP was improved by deamidation under alkaline conditions. Although solubility was improved by increasing the pH for deamidation, the rates of constituent amino acid racemization and LAL generation also significantly increased. The degree of deamidation was found to be a major factor in improving the solubility of RBP. The decrease of molecular mass or the degradation of peptide bonds could not be detected in alkaline deamidated RBP. The thermal property and secondary structure of deamidated RBP measured by DSC and FTIR suggest that the compact structure of RBP was well preserved during the deamidation process. Taken together, the optimal condition for deamidation was heating at pH 8 and 100℃ for 30 min to give deamidated RBP of moderate solubility with minimal side reactions. No treatment pH8 pH10 pH12
